This paper reviews the importance of large continuous openings (macropores) on water flow in soils. The presence of macropores may lead to spatial concentrations of water flow through unsaturated soil that will not be described well by a Darcy approach to flow through porous media. This has important implications for the rapid movement ot:• solutes and pollutants through soils. Difficulties in defining what constitutes a macropore and the limitations of current nomenclature are reviewed. The influence of macropores on infiltration and subsurface storm flow is discussed on the basis of both experimental evidence and theoretical studies. The limitations of models that treat macropores and matrix porosity as separate flow domains is stressed. Little-understood areas are discussed as promising lines for future research. In particular, there is a need for a coherent theory of flow through structured soils that would make the macropore domain concept redundant. INTRODUCTION There has long been speculation that large Continuous openings in field soils (which we will call macropores) may be very important in the movement of water--at least under certain conditions. Such voids are readily visible, and it is known that they may be continuous for distances of at least several meters in both vertical and lateral directions. The idea that these voids will allow rapid movement of water, solutes, and pollutants through the soil is an attractive one and dates back at least to Schurnacher [1864], who wrote: the permeability of a soil during infiltration is mainly controlled by big pores, in which the water is not held under the influence of capillary forces.
INTRODUCTION
There has long been speculation that large Continuous openings in field soils (which we will call macropores) may be very important in the movement of water--at least under certain conditions. Such voids are readily visible, and it is known that they may be continuous for distances of at least several meters in both vertical and lateral directions. The idea that these voids will allow rapid movement of water, solutes, and pollutants through the soil is an attractive one and dates back at least to Schurnacher [1864], who wrote: the permeability of a soil during infiltration is mainly controlled by big pores, in which the water is not held under the influence of capillary forces.
Similar ideas were also being expressed at Rothamsted in England by Lawes et al. [1882], who reported, on the basis of early plot drainage experiments, that
The drainage water of a soil may thus be of two kinds: it may consist (1) of rainwater that has passed with but little change in composition down the open channels of the soil; or (2) of the water discharged from the pores of a saturated soil. Hursh [1944] , in pointing out that subsurface flows may make an important contribution to flood hydrographs in areas of high infiltration capacity, noted that for natural soil profiles with strongly differentiated soil horizons there may be a tremendous increase in lateral transmission-rate as the water table approaches the soil surface...in considering flow through upper soil horizons, the formulas of soil mechanics do not generally apply. Here porosity is not a factor of individual soil particle size but rather of structure determined by soil aggregates which form a three-dimensional lattice pattern. This structure is permeated throughout by biological channels which in themselves also function as hydraulic pathways. A single dead-root channel, worm-hole or insect burrow may govern both the draining of water and escape of air through a considerable block of soil.
Even Horton [1942] Work on all of these questions has been proceeding very rapidly in the last few years, and this review is a timely opportunity to assess what has been achieved and what remains to be done.
THE OCCURRENCE OF MACROPORES IN SOILS
Definitions: When Is a Pore a Macropore?
At the microscopic scale, the storage and flow of water in any particular void of the porosity of a soil is related to the size of that void and also to its generally irregular geometry. In particular, flow rates will be controlled by the void of smallest size in any single continuous flow path (called pore necks). Thus we should expect a complex relationship between void geometry and flow characteristics at some macroscopic scale of interest. This has led to a number of indirect ways of classifying pore space.
The method most commonly used has been to interpret the soil moisture retention curve in terms of pore size classes, where a measure of effective pore size is related to capillary potential through the Laplace equation for capillary pressure [e.g., Bear, 1972] . This involves an analogy between the macroscopic retention characteristics of the soil and the microscopic concepts of the behavior of a bundle of capillary tubes. This technique cannot provide an unequivocal defini- tion of a macropore. The choice of an effective size to delimit macropores is necessarily arbitrary and is often related more to details of experimental technique than to considerations of flow processes. In addition, the capillary tube analogy becomes increasingly tenuous as pore size increases. Some of the definitions of macroporosity used are shown in Table   1 .
Porosity may also be classified with respect to the hydraulic conductivity of the soil, where data on the change of conductivity with soil moisture are available. Thus volumetric fractions of the pore space can be directly related to incremental contributions to hydraulic conductivity. This approach is, however, necessarily restricted to cases where hydraulic gradients can be properly defined. It can be argued that this is not always the case for soils with individual macropores that are long in relation to their width. Under these conditions the traditional porous media concept that a unique pressure gradient can be specified for some macroscopic 'representative elementary volume' [e.g., Bear, 1972] of the soild may not be appropriate. When the structural pores are large in relation to those in the surrounding soil, the movement of water through the macropores, once initiated, may be much faster than the equilibration of potentials in a representative volume of the soil matrix. If this is so, the potential gradients associated with the two systems will be different. This is not a new idea, and Lawes et al. noted that In a heavy soil, channel drainage will in most cases precede general drainage; a portion of the water escaping by the open channels before the body of the soil has become saturated; this will especially be the case if the rain fell rapidly, and water accumulates on the surface.
The possibility of such discontinuous behavior will increase as the size and connectivity of the macropores increases and the effects of capillary tension within the macropores become smaller. However, it must be stressed that size alone is not a sufficient criterion for the definition of a macropore in this sense. Pore structure is also of crucial importance [see discussion of Luxmoore, 1981, by Bouma, 1981; Skopp, 1981; Beven, 1981] . Other terms, such as preferential pathways or macrochannels, have been suggested to emphasize the importance of structure on flow dynamics. We wish to make quite clear that in using the word macropore we are implying structures that permit the type of nonequilibrium channeling flow described above (hereafter referred to simply as channeling)•whatever their size. We recognize that not all large voids are macropores in this sense and that the present nonmenclature is unsatisfactory. However, we feel that considerable further work remains to be done before an acceptable set of flow concepts, rigorously based in an understanding of the dynamics of flow through structured porous media, is available. Pores formed by the soil fauna. These are primarily tubular in shape but may range in size from less than 1 mm to over 50 mm in diameter for holes formed by burrowing animals such as moles, gophers, and wombats. Macropores formed by soil fauna are often concentrated close to the soil surface. Omoti and Wild [1979] report that for earthworm channels (2-10 mm diameter, 100 channels/m 2) in a loam soil in southern England nearly all were continuous to 0.14-m depth, with 10% continuous to 0.7 m. Ehlers [1975] reports that the number of earthworm channels increased with depth down to 0.6 m in both tilled and untilled soil. Green and Askew [1965] describe the activities of ants in producing macropore networks (2-50 mm diameter) to a depth of at least 1 m. This study is particularly interesting since it is related to the earlier hydrological work of Childs et al. [ 1957] , in which the saturated hydraulic conductivities of the clay soils were reported as having magnitudes more usually associated with gravels. Williams and Allman [1969] found cylindrical macropores in a loess profile down to a depth of at least 10 m. The pores had a diameter of 5-10 mm and ranged in frequency from 100/m 2 close to the surface to 50/m 2 at a depth of 8 m. They were not certain in this case if the pores were formed by plants or animals. Moisture conditions and pH of a soil influence the composition of soil fauna. In acid soils the insects tend to dominate, whereas earthworms prefer low acid to neutral soils. They avoid alkaline soils almost completely [Sapkarev, 1979] . A comprehensive review of the activities of animals in soils is given by Hole [1981] .
Pores formed by plant roots. Pores in this category are also of tubular shape. Macropores may be associated with either live or decayed roots, and the distinction may often be hard to make, as there is a tendency for new roots to follow the channels of previous roots. The bark of tree roots sometimes resists decay longer than the xylem, and a hose type macropore is formed, partially sealed by the bark [Gaiser, 1952; Aubertin, 1971 ; Figure 1 , this paper]. The lumen is frequently filled with loosely packed organic matter primarily derived from the decaying root itself. Such macropores may comprise up to at least 35% of the volume of a forest soil, but this may be expected to decrease rapidly with depth [Aubertin, 1971] . The structure of macropore systems derived from roots will be dependent on the plant species and the conditions of growth. They may be very effective in channeling water through the soil, even through unsaturated soils [Aubertin, 1971; Beasley, 1976; Mosley, 1979 Mosley, , 1982 . The hollows resulting from decaying tree stumps and windblown trees may act as a funneling system, channeling water into a network of macropores formed by the decaying roots. Former grass roots on the other hand may yield a system of more equally sized macropores.
Cracks and fissures. These macropores are formed either by shrinkage resulting from dessication of clay soils [e.g., Blake et al., 1973; Lewis, 1977] or by chemical weathering of bedrock material [e.g., Reeves, 1980]. Freeze/ thaw cycles may also produce cracks and fissures, as will cultivation techniques such as the drawing of mole drains and subsoiling. Shrinking and swelling of clay soils is subject to seasonal variation, depending on changes in soil moisture conditions. Once a crack is formed, it may recur at the same location through a series of wetting and drying cycles. In fact, in drained heavy clay soils, cracks between structural peds may not close, even after prolonged wetting [Beven, 1980] [ 1980] will yield an estimate of total macroporosity that is not necessarily closely related to channeling macroporosity. Bullock and Thomasson [ 1979] , for example, show that total macroporosity measured from thin sections is poorly correlated to macroporosity measured from equilibrium suction measurements. This is because during the suction measurements, only the pores effectively connected to the sample surface by pore pathways with an equilibrium tension or air entry tension less than the imposed tension will drain, often via a rather tortuous path. Thus the suction plate method may be a better indicator of channeling macroporosity.
However, this method also has drawbacks. Since we are implicitly dealing with very low soil tensions, and the sample must have a finite length for the effects of continuity to be apparent, it is often difficult to establish a suitable equilibrium tension throughout the sample. Second, equilibrium measurements can only give an indirect measure of macropores, without any indication of the nature of flow in them.
There Mottling along the edges of macropores may also be interpreted in terms of fast water flow within the macropores. These mottles have been described by Germann [1981] All the morphological and tracing experiments described so far are essentially small-scale techniques, suited at best to the study of soil cores. The hydrologist is interested in the hydrological effectiveness of macropores in channeling water flow at the plot, hillslope, and catchment scale. Integrating the information from small-scale experiments over the larger volume of area of interest can be used to estimate the desired information. However, there is evidence that estimates obtained in this way may neglect some large-scale variability. Murphy and Banfield [1978] have demonstrated considerable sampling variability of macroporosity estimated from thin sections. Aubertin [1971] reported large-scale variability in soil macroporosity in 6-inch cubes taken from 6-foot by 6-foot profiles through a forest soil in Ohio.
A number of different operational definitions of macroporosity have also been used in the past. Burger [ 1922] saturated core samples, weighed them, let them drain for 24 hours on a gravel bed while preventing evaporation, and weighed them again. The volume of the drained water was called the 'air capacity' of the soil. This air capacity will be closely related to effective macroporosity as discussed by German and Beven [1981b] . This type of drainage procedure has been greatly refined by Germann and Beven [1981a] in a more controlled experiment using large undisturbed soil samples. Soil moisture tension profiles during drainage were used to differentiate the total effective macroporosity on the basis of capillary potential and to estimate the flow characteristics of the macropore system at different degrees of saturation.
Dynamics of Macroporosity.
Most soils contain macropores of some sort. The volume and structure of the macropore system will represent a dynamic balance between constructive and destructive processes. Any change in the soil-plant-animal community and in external conditions, such as the pattern of weather, will affect that balance.
Weather may have a great effect on the macropore system of a given soil in a number of ways. Drought will cause a clay soil to crack, sometimes to considerable depth, and may cause soil animals to dig deeper to maintain a favorable environment. Extreme soil freezing and frost heave may deepen soil crack but may also reduce the population of soil animals. Surface sealing of silt soils by intense rainfalls is a common occurrence [e.g., Horton, 1941; Morin et al., 1981] and will tend to seal the entrance to macropores. Transport of sediment into the macropores may result in partial or complete filling, resulting in reduced hydrological effectiveness. Longer-term climatic changes will also affect the macropore system through its effect on the soil-plant-animal community.
Long-term ecological changes may also have an important effect on soil macropores. The decreasing population of birds of prey and foxes in central Europe over several decades has resulted in an increasing population of rodents, mainly mice. The earthworm population appears to be steadily increasing in the mid western United States [Hole, 1981] However, perhaps.the most important changes in macroporosity are due to land use. Plowing a soil once or twice a year produces many cracks in the plow layer. Many of these will disappear during the growing season, depending on the mechanical stability of the soil clods. Plowing also cuts the natural macropores and may account for vertical discontinuities in the macropore network. Ehlers [1975] found that the number of earthworm channels in the surface layer of a tilled soil was much less than in a comparable untilled area, whereas at 0.6 m the numbers were equivalent. The use of heavy machinery tends to increase the density of the upper soil layers and to destroy macropores. Compaction by grazing animals may also destroy macropores close to the surface and affect infiltration rates [e.g., Langlands and Bennett, 1973 ]. Slater and Hopp [1947] reported that protecting soil animals from frost helped to maintain infiltration rates.
The question arises as to how long it takes for a macropore system to develop and how long it might last. Laminar flow theory [Childs, 1969] [Abaturov, 1968; Voronov, 1968 ; quoted by Graff and Makeschin, 1979] . For a clay soil, Nemec [ 1976] reported that the apparent hydraulic conductivity continued to increase for several years following the laying of pipe drainage.
Several observations and estimates of the age of macropore networks are reported. Green and Askew [1965] for example considered the age of ant-developed macropore systems to be one of several hundreds of years. Mellanby [1971] suggested that where food is readily available mole runs may be hundreds of years old and may not be apparent from the soil surface. Our own observations suggest that macropores formed from the roots of trees may last at least 50-100 years in a soil containing about 30% clay. The effective lifetime of macropores may be assumed to increase with stability of the soil structure, which is in itself a function of soil texture and the composition of organic matter.
Thus it is possible that macropore systems may be produced, at least under favorable circumstances, within 1 to 2 years and may last for considerable periods of time. On the other hand the effectiveness of the macropores can be destroyed within one rainstorm by the in washing of material detached by rain splash. We may assume that, under comparable conditions, the most effective macropore systems will occur at relatively undisturbed, usually forested, sites and that intensive land use may show the lowest macroporosity.
MACROPORES AND INFILTRATION

Experimental Evidence
The presence of macropores close to the surface of the soil may be pa•icularly important in the process of infiltration of rainfall and solutes into the soil. Figure 2 offers one simplified view. Three stages of flow may be expected.
P(t) < I•(t)
All water arriving at the surface is absorbed by micropores connected to the surface.
I•(t) < P(t) < I•(t) + S• (t)
During this period, surface runoff on small scale may take place. Both macropores and micropores open to the soil surface take up water simultaneously. As soon as there is a significant flow into the macropores, flow down the walls will also start (S2(t) > 0) and lateral infiltration into the matrix will be initiated (I2(t) > 0). These lateral losses will temporarily reduce the macropore flow S: and the depth of penetration of water along the walls of the macropore. The flow of water in the macropores can greatly increase the surface area available for infiltration into the matrix in this way.
P(t) > I•(t) + S• (t)
Significant amounts of water will begin to be stored at the soil surface, and overland flow will start on a large scale (O(t) > 0). Note that all the symbols represent volume flux densities.
Direct infiltration into the macropores can be neglected during the first stage, since they contribute very little to total P(t) Chow [1978] reported that the potential field during infiltration into a highly porous forest soil in British Columbia developed so irregularly that it could not be used for calculations of Darcy-type infiltration. However, during redistribution and drainage, this irregular pattern of hydraulic potentials changed gradually toward a more regular one. Bouma et al. [ 1980] found similar results in a cracked heavy clay soil in Holland, where predicting the height of the water table in the profile with unlined auger holes failed completely. They concluded that the response of the water table in the auger holes was governed primarily by flows in the cracks, whereas the tensiometers indicated hydraulic potentials within the rather impermeable clay peds.
Heterogeneity of flow has also been observed during and shortly after infiltration of heavy storms into the soil of a large weighing lysimeter [Germann, 1981] . It was found that fast-moving water required between 1 and 2 days to reach the bottom of the lysimeter at a depth of 220 cm, whereas based on isotope measurements, slower-moving water had a [1965] showed that intermittent applications of water were more efficient in removing chloride from a Panoche clay loam than an equal amount of water applied by continuous ponding. This can be explained by the more continuous flow through macropores that would be generated by ponding and that would bypass most of the soil volume. An essential contribution of macropores to infiltration was also concluded by Wild and Babiker [1976] , based on assymetric nitrate and chloride concentration profiles observed after irrigation of agricultural soils in England. The ions were transported deeper and faster along macropores than could be explained by miscible displacement theories. This has also been demonstrated by Tyler and Thomas [1978] in lysimeter pans inserted in otherwise undisturbed soils in Kentucky. Similarly, in leaching experiments in the drainage gauges at Rothamsted, U.K., Addiscott et al. [1978] showed that added chloride was sorbed mainly in the soil matrix but transported substantially in the macropores.
Dyes and salts have also been used to stain pores and mark the pathways of water movement during infiltration. Bouma and W6sten [1979] , for example, interpreted stained pores in thin sections to indicate the macropores contributing to flow under different application rates. Fluorescent dyes have been used to show that root channels in forest soils are important pathways for infiltrating water, as demonstrated by Aubertin [1971] in Ohio. Similarly, Reynolds [1966] in England showed that, close to trees, stem flow would infiltrate preferentially along both living and dead root channels. In an agricultural soil, Omoti and Wild [1979] concluded, on the basis of cross sections of dyed soil photographed under ultraviolet light, that there may be preferential movement of channeling of flows through pores much smaller than what would normally be considered as a macropore. We have been involved in recent experiments using alizarin red dye and potassium bromide to .trace infiltrating water in a nontilled cornfield soil. Decaying corn roots were shown to be important channels for water movement. The same study also demonstrated that for some macropores Br-concentrations were higher near the macropore/matrix interface than the average concentration of the whole soil layer, whereas in other cases the opposite was found. This suggests that the latter macropores may not have been as effective in contributing to flow.
Less information is available on the precipitation rate at which water flow in macropores may be initiated. Omoti and Wild suggest that where Qs is the saturated flux density of the macropores and Ema is the porosity of the macropore system. Germann and Beven [1981b] showed that this relationship adequately described the data on macropore flows of Burger [1940] and Ehlers [1975] Figure 2 is that the same volume of water applied at a higher intensity may run deeper into the profile along the macropores. There is some indirect evidence to support this. Anderson and Bouma [1977a, b] , for example, demonstrated that the apparent dispersion coefficient of infiltrated chloride solution was decreased drastically when the infiltration rate was reduced from unlimited (8-11 cm d -1) to about 10 -7 ms -1 (1 cm d-1). Higher initial moisture contents in the soil may also allow deeper penetration along the macropores by reducing the lateral losses (12). Quisenberry and Phillips [1976] showed that higher initial moisture contents resulted in infiltrated water reaching much greater depths in the soil profile, a result that they interpreted as being due to flow through large pores. The important feature of domain models in the current context is that as well as allowing different flow characteristics for the two domains, different potential gradients can also be specified. Of course, there is nothing special about two domains. One can envisage a further level of complexity in which macropores interact with both interaggregate capillary pores and intraaggregate porosity. Interacting flows of water and air could also be included. However, increasing the number of domains increases the complexity of the interactions that must be specified and is, as yet, not justified by the experimental data available for field soils.
One consequence of the concepts summarized in
Returning to a two-domain macropore/matrix model, there are a number of important components to be specified in a complete model. The models available to date differ in the handling of each component, and some general discussion is in order before a detailed comparison is made. The following components can be identified:
1. The nature of flows in the matrix domain. Flow in the matrix may be modeled to a good approximation by Richards' equation based on Darcy's Law [Richards, 1931] . However, in soils with macropores, continuity of the matrix space cannot necessarily be assumed, so that boundary conditions for the flow equation may be extremely complex. All domain models have necessarily relied on extreme simplifications of the geometry of the aggregate, fracture or macropore systems to specify the boundary conditions. 3. The spatial and temporal characteristics of the macropore network. Any theoretical analysis of flow in macropore systems must provide some means of handling the inherent spatial variability of macropore networks. In any field soil there is likely to be a distribution of macropore sizes with varying degrees of irregularity and connectivity. Any useful model must then, in some way, integrate the effects of the macropore system as a whole. Exploration of conditions around a single macropore will yield insight but will not ultimately prove useful as a predictive model, except for some very simple network geometries. This need for integration gives rise to scale problems in that if we wish to apply a continuum approach to the macropore network, the scale of lateral variability (or 'representative elementary volume') for the macropores may be much larger than for the intervening micropores (see Figure 4) . The additional temporal variability of the macropore network gives rise to problems about which there is very little information (see section on experimental determination of macroporosity). Some types of macropores will change size and shape on a time scale of minutes or hours, there will certainly be important seasonal effects in many soils; while some biotic channels may be relatively stable for many years [e.g., Green tween the domains will depend on the supply of water within the macropores and the hydraulic conditions within the matrix. Water may move either from the macropores to the matrix or, if the matrix is saturated and the macropores not, in the opposite direction. The surfaces and hydraulic gradients involved in the interaction process will depend on the structural geometry of the combined system, the time available for interaction, and the flow geometry in the macropores, since under unsaturated conditions, not all the macropore surfaces may be wetted. 5. Initiation of flows in the macropores. Initiation and maintenance of flows in the macropore system requires a supply of water exceeding all losses to the matrix. During infiltration, this will most commonly occur at the soil surface, when the infiltration capacity of the matrix is exceeded. Note that not all macropores may be connected directly to the surface and that, particularly under vegetation canopies, the local variability of supply to the surface caused by stem flow and drip may be important in generating local 'infiltration excess' [e.g., Horton, 1919; Specht, 1957] . Even then, the initiation of macropore flow may, in a similar manner to surface runoff, be very dependent on local surface roughness such that some storage at the soil surface must be filled before macropore flow starts. Indeed, positive pressure in the soil matrix above a wetting front may serve to supply water to macropores by means of subsurface interaction. These are all factors that will lead to a dependence of macropore flow on antecedent precipitation.
There are four models of infiltration currently available that take account of the effect of macropores. None of them are entirely satisfactory on all five criteria discussed above. 
m).
A number of problems remain to be solved in defining, calibrating, and validating an adequate model of a combined macropore/matrix system. The attempts at modeling made so far have served to highlight the lack of experimental data on the nature of macropore flows, the structure of macropore systems, and the interactions between macropores and the matrix. Until such data become available, both for single macropores and for complete networks, such models cannot be considered as more than exploratory hypotheses, nor, more importantly, can they be validated. If macropores are effective in transmitting flow to the stream channel, they may do so at velocities of the same order as overland flows. This is, however, only one of the mechanisms that might account for a rapid subsurface flow response to storm rainfall. Hewlett and Hibbert [1967] suggested the term 'translatory flow' to describe a mechanism by which new water entering the saturated zone on a hill slope causes a displacement of old water at the base of the slope. This is due to rapid, wavelike transmission of the pressure changes at the boundary of the saturated zone. Air pressure effects beneath an advancing wetting front have also been quoted as causing a rapid response of the saturated zone and restricting infiltration into larger pores Dixon, 1973, 1975; Dixon and Linden, 1972] . However, this mechanism requires that no open pathways be available for the escape of air to the soil surface. It is therefore necessary that the input of water at the surface be sufficient to saturate the surface over distances of perhaps tens of meters in The role of macropores in vertical infiltration has already been discussed above. There is ample evidence, however, that macropores may also conduct water laterally downslope through otherwise unsaturated soils. For this to be an important mechanism in the supply of water to streams and consequently in the generation of subsurface stormflow, there must be a supply of water to the macropores in excess of lateral losses to the surrounding soil, as discussed above for the infiltration case. In addition, the macropore system must have a •ufficient degree of connectivity to transmit water for some distance downslope or at least to a saturated zone that contributes to streamflow. The movement of water in macropores through unsaturated soil has been observed to take place over considerable distances and at high velocities [e.g., Aubertin,' 1971; Beasley, 1977; Mosley, 1979 Mosley, , 1982 .
Perhaps •the most comprehensive study of flow rates through macropores on hill slopes has been reported by Mosley [1982] . He carried out a series of experiments at 51 sites in South Island, New Zealand, At each site a trench was dug along the contour down to bedrock (1-1.5 m), within which a collecting trough was built. A 1-m length of perforated gutter was placed 1 m directly upslope of the pit and was used as a line source for the input of water. The aim was to Mosley notes that some of the variability in response was due to different durations of water application but that there remains a high degree of variability between sites with similar cover conditions. There was little or no relationship between outflows and soil depth, slope angle, bulk density, and antecedent precipitation. He suggests that assuming that the vertical faces are acceptable samples of the whole soil profiles, the observations show that there are preferred pathways for flow along cracks and holes in the soil and roots, both live and dead. Some features from which water flowed are 3-4 mm in diameter, but most were on the order of a few tenths of a millimeter.
It is clear that under these experimental conditions water can move downslope through macropores very rapidly, under both saturated and unsaturated conditions. Mosley demonstrates that saturated flows, generally at the base of the soil profile will be most important in the generation of subsurface stormflows. He suggests that because of large spatial variability in soil depth and antecedent moisture conditions, local saturated wedges may develop soon after the onset of rainfall in some areas. Similar variability in flow rates and observations of preferred pathways have been noted by Weyrnan [ 1970] under natural rainfall conditions at the base of a brown earth profile in the East Twin catchment in England.
In summary, it is likely that a variable zone of saturation at the base of the soil profile, or above a relatively impermeable horizon, will dominate lateral macropore flows through unsaturated soil in generating subsurface stormflows. However, the time delay in the unsaturated zone may dominate the timing of the subsurface hydrograph. A lot more experimental work is required to specify the conditions under which macropore flow is important in the unsaturated zone.
While a number of studies reviewed here reported macropore flow through unsaturated soil under natural rainfall conditions, the majority of studies have utilized relatively high artificial rainfall rates or a line source input. Some caution in interpretation of the results is therefore in order. High application rates must increase the probabiltiy of macropore flow and consequent fast responses.
In the saturated zone, fast response will depend on steep slopes and high hydraulic conductivities caused by macropores. The lateral connectivity of the macropore network is less important in the saturated zone, provided that in any cross section there are sufl%ient large pores to maintain a high saturated permeability. Where there is a high degree of connectivity, however, there may be considerable channeling within saturated flows. An example is reported in a study of the transport of the bacterium Escherichia coli through forest soils in Oregon by Rahe et al. [1978] . At some sampling locations, flow velocities in excess of 4.2 10 -3 ms -1 (15 mh -1) were indicated, whereas other sampling points nearer the injection site were initially bypassed and did not record the presence of the bacterium until much 
Theoretical Approaches
There have been no significant theoretical advances in modeling hill slope flows that involve macropores. It is clear from the experimental evidence that constructing such a model would not be a trivial exercise. Even using a twodomain concept similar to the infiltration case, the multiplicity of flow paths that water can take downhill (e.g., Figure 8 ) would make specification of interactions between macropores and matrix very complex. As a first approach it would be possible, in principle, to decouple the problem into one or more vertical unsaturated flow components similar to the combined macropore/matrix models of Hoogmoed and At the current time, attempts at modeling subsurface stormflows involving macropores must be highly speculative. Until we have more experimental information on macropore flows, the best purpose that theorectical modeling (and this review) can serve is to point to the type of data required. However, there is no doubt that the problem of rapid subsurface flows on hill slopes have important practical implications, particularly in the geochemical interactions that take place during storm periods, and also in the spread of pollutants. The latter problem is already receiving some attention [e.g., $teenhuis and Muck, 1980], with the rapid flows being modeled indirectly by assuming a limited amount of interactive storage. It is likely that the nonlinear dependence of macropore flows on spatially variable antecedent moisture conditions and intensity of supply rates will mean that such indirect methods will ultimately prove of only limited usefulness.
FUTURE PROSPECTS
We have reviewed evidence to suggest that macropores play an important role in the hydrology of some field soils. We have noted that this has important implications for geochemical interactions and the movement of pollutants. We are suggesting that under some circumstances it may be necessary to add a further level of complexity to ideas and models of the movement of water through field soils. The domain concept of modeling combined macropore/ matrix flows that has been discussed in this review obviously applies best when there is a distinctly bimodal pore size distribution with a high degree of continuity in the large pores (the cracked clay soils studied by Bouma and others are perhaps the best example). More generally there will be continuous pores of a wide range of (longitudinally variable) sizes. Under these conditions, macropore is a very relative term. In continuous large pores we can be sure that, given a sufficient supply of water, flow may be effectively channeled past the surrounding matrix. However, experimental evidence [e.g., Omoti and Wild, 1979] has shown that such channeling or bypassing may also take place within capillary-sized pores.
One important research task in the future will be to intergrate these various concepts of channeling at different scales in both capillary pores and macropores into one coherent flow theory. Such a theory would include, as a special case, the concept of a representative average tension within an elementary volume that is the basis of Darcian theory applied to unsaturated flows. In that such a theory must embody the effects of pore continuity as well as pore size, there will be a close relationship with developments in the study of three-dimensional pore structures in field soils.
If such a theory is possible, then the domain concept of distinct categories of macropores and matrix will be redundant. It is expected that the number and size of pores in which flow is being channeled will depend on the initial moisture content, the previous history of hysteretic wetting and drying, and the imposed flux rates. The difficulty then is making the link between these essentially microscopic flow processes and practical applications, such as predicting infiltration rates, subsurface stormflows, and the movement of nonpoint source pollutants. It is likely that this difficulty will not be one of theoretical development but of obtaining the experimental information to apply the theory at the field scale. It is a fascinating prospect. 
